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Abstract: 

The Laser Interferometer Space Antenna will detect gravitational waves with frequencies from 0.1 mHz 
to 1 Hz. This article provides a brief overview of LISA's science goals followed by a tutorial of the 
LISA measurement concept. 
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1 Introduction 



Einstein's Theory of General Relativity predicts that 
moving masses can produce propagating vibrations that 
travel through spacetime at the speed of light. These 
vibrations, referred to as gravitational waves (GWs), 
are produced by a quadrupolar acceleration of mass, 
in much the same way that electromagnetic radiation 
accompanies the acceleration of electric charges. The 
distortion of spacetime is transverse to the direction of 
wave propagation. GWs can be decomposed into two 
polarisations, corresponding to the axes of the stretch- 
ing and squeezing, which are denoted by + (plus) and 
x (cross). We can sense GWs by monitoring changes 
in the distances between inertial proof masses. The 
gravitational wave amplitude is characterised by a di- 
mensionless strain h, which determines the fractional 
amount of squeezing and stretching of spacetime. 

The direct detection of gravitational waves remains 
one of the most challenging areas of experimen tal physics. 
Pulsar timing experiments (jHobbs et alj2009ft are search- 
ing for gravitational waves in the frequency band from 
1-10 nHz. A global network of laser interfer ometer 
gravi tational wave detectors is now operational (|Whitcombl 
2008) targeting gravitational waves with frequencies 
from a few tens of Hertz up to a few kiloHertz with 
peak sensitivities near 100 Hz. They are now oper- 
ating at their design sensitivities, and are sensitive to 
gravitational wave strains as small as 10 -21 . Achieving 
this strain sensitivity requires measuring arm length 
changes of less than 10 -18 m (over km scale baselines), 
a thousand times smaller than the diameter of a pro- 
ton. This level of strain sensitivity is the result of 
decades of worldwide technology development, design, 
and commissioning. Future upgrades to these detec- 
tors to be carried out in the next few years will im- 
prove the strain sensitivity by approximately an order 
of magnitude. Note that the volume of space that is 
probed increases as the cube of the strain sensitivity 
because interferometers respond directly to GW am- 
plitude rather than GW power. Of equal importance, 
the lower frequency cutoff of the detectors will be re- 



duced to around 10 Hz where sources are predicted to 
be more abundant. Even with substantially upgraded 
technology, however, future terrestrial detectors are 
expected to be limited to freq uencies above a few Hert z 
due to gravity gradient noise ijHughes fc Thorndll998l ). 
fluctuating gravitational forces on the interferometer's 
proof masses. Candidate GW sources for the ground- 
based detectors include coalescing binary neutron stars, 
stellar core collapse triggering a Type II supernova, 
and rapidly rotating, non-axisymmetric neutron stars. 

The Laser Inter ferometer Space Antenna (LISA) 
(|Bender et alj 1 1998ft is a joint ESA-NASA project to 
operate the first dedicated gravitational wave detector 
in space. Like ground-based interferometers, LISA will 
sense gravitational waves by monitoring the changes 
in separation of inertial proof masses. LISA is sched- 
uled to launch around 2018 and will consist of three 
spacecraft forming an approximately equilateral trian- 
gle with 5 million kilometre arms. Moving the detec- 
tor to space not only allows the arms to be made very 
long, but it also eliminates the major disturbances to 
the proof masses that limit ground-based detectors at 
low frequencies. This opens up the rich region of the 
gravitational wave spectrum below 1 Hz. LISA will 
observe much larger objects, such as the inspirals and 
mergers of supermassive binary black holes, compact 
objects falling into supermassive black holes, as well 
as survey populations of binary compact objects (e.g. 
white dwarfs, neutron stars or stellar-mass black holes) 
in our galaxy. 

2 LISA Science 

GW observations will provide a unique window to the 
universe and offer a new set of capabilities compared 
to electromagnetic observations. The difficulty of de- 
tection of gravitational waves is a consequence of their 
weak interaction with matter. One benefit of the faint- 
ness of this interaction is that they are not attenuated 
or scattered on their way to the detector. This means 
that they can reveal information about areas or pro- 
cesses that are ordinarily obscured. GWs are emitted 
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due to the bulk motion of massive objects. The wave- 
length of these waves is typically much larger than the 
source dimensions, which prevents us from imaging the 
source in the conventional sense. However, because 
the GW radiation is coherently emitted by the entire 
source, we can use both the magnitude and phase of 
the GWs to directly determine detailed information 
about the dynamics of the emitter. 

There are a few important differences between LISA 
and an imaging electromagnetic observatory. First, 
LISA will be sensitive to sources throughout the sky. 
LISA can be viewed as three interferometers each with 
a quadrupolar antenna pattern which sweeps across 
the sky as the constellation's orbit evolves. This all- 
sky capability of LISA is of particular importance for 
detecting transient souces. Despite being an all-sky 
detector, the location of sources can be accurately de- 
termined. The changing inclination of the detector 
provides amplitude modulation of gravitational waves 
while a slight frequency modulation results from Doppler 
shifts. These annual variations can prov ide around 10 
arcminutes of source direction accuracy (Hughes 2006) 
depending on the source duration, signal to noise ratio 
and frequency. 

LISA has a large frequency range spanning 4 decades 
from 0.1 mHz up to 1 Hz, with a peak sensitivity at 
around 3 mHz. The upper end of the frequency range 
is limited by the large size of the detector (the effect 
of GWs at high frequencies is averaged out over the 33 
second round trip travel time of the light in the LISA 
arms). The low frequency limit arises from the diffi- 
culty of isolating the proof masses from disturbances. 
LISA will therefore complement the higher frequency 
observations of second generation ground-based inter- 
ferometers and will be sensitive to different types of 
gravitational wave sources. 

One of LISA's primary science goals is to trace 
the growth and merger history of massive black holes 
and their host galaxies. Binary black holes with 10 5 — 
10 7 solar masses will coalesce within LISA's frequency 
band. LISA will be able to track these mergers at 
large redshifts and will determine the parameters of 
the black holes with high precision. 

Another important LISA science goal involving black 
holes is the observation of compact objects falling into 
supermassive black holes. These extreme mass-ratio 
capture binaries will allow LISA to perform high pre- 
cision mapping of the spacetimes around massive ob- 
jects in galactic nuclei and provide quantitative obser- 
vational tests of General Relativity. 

The most numerous sources in the LISA band are 
expected to be ultra-compact binaries in our galaxy. 
LISA will survey the populations of these stellar-mass 
binaries, mostly white-dwarf binaries, neutron stars or 
black holes. This study will reveal information about 
the structure of the galaxy and provide insight into 
dynamics in galactic nuclei. LISA is expected to de- 
tect so many galactic binary inspirals that it will be 
"confusion noise" limited at some frequencies, mean- 
ing that there will be so many signals detected that it 
may be impossible to distinguish between individual 
sources. Approximately 10 known binaries with large 
signal to noise ratios and well known source param- 



eters will be used as verification binaries (Nelemans 
2006). Failure to detect these signals would indicate 
serious problems with our understanding of General 
Relativity. For an in-depth discussion of LISA science 
see references i|Hughesll2006l ; iBaker et al.ll2007l ). 

3 LISA Mission Overview 

In space, the interferometer arms can be made very 
long, around a million times longer than ground-based 
interferometers. LISA will have arm lengths of five mil- 
lion kilometers. Longer arms amplify the effect of low 
frequency gravitational waves, allowing LISA to relax 
the displacement sensitivity by approximately 6 orders 
of magnitude compared to ground-based interferome- 
ters, yet maintain an approximately equivalent strain 
sensitivity. The LISA constellation is in an Earth 
trailing, heliocentric orbit approximately 20° behind 
Earth. The LISA constellation appears to cartwheel 
around the sun with an inclination angle of 60°. This 
configuration was chosen to passively maintain the ap- 
proximately equilateral triangle formation without any 
orbital adjustments. The orbits also produce a con- 
stant solar illumination which results in a benign ther- 
mal environment. 




Figure 1: Illustration of the LISA orbit showing 
the 60° angle of inclination of the LISA constella- 
tion plane. The LISA constellation trails the Earth 
by 20°. 

Going to space has many advantages and enables 
several simplifications compared to ground-based in- 
terferometers. For example, the micro-gravity environ- 
ment is naturally suited to freely floating masses, elimi- 
nating the need for complex seismic isolation systems. 
The abundance of free vacuum in space allows very 
long arm lengths and a simple interferometer topol- 
ogy, a very long Michelson interferometer. Ground- 
based detectors employ more complex inteferometer 
topologies to maximize the signal response for a given 
arm length. Some things, however, are more compli- 
cated in space. One complication is that the LISA arm 
lengths change by tens of thousands of kilometers over 
a period of a year, due mainly to perturbations by the 
Earth's gravity. There is no way to anchor the space- 
craft, so the arm lengths cannot be easily fixed as they 
can on Earth. These long term length fluctuations are 
the root of several technical problems. For example, 
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the angles between the outgoing beams must be ad- 
justed to ensure that the laser light is exchanged cor- 
rectly between spacecraft. The relative spacecraft mo- 
tion also Doppler shifts the laser frequency and places 
challenging requirements on the interferometric read- 
out. Finally, the mismatched arm lengths couple laser 
frequency noise into the GW readout. 

Gravitational waves are observed by their effect on 
the motion of objects. Broken down to the simplest 
elements, we need objects to measure and a way to 
measure their displacement. The objects to be mea- 
sured are referred to as proof masses. Like ground- 
based detectors, the displacement of these objects is 
measured using laser interferometry. LISA's sensitiv- 
ity will be limited by proof mass acceleration noise in 
the low frequency region of its detection band, and by 
the interferometer measurement noise, dominated by 
shot noise, at high frequencies. 

3.1 Proof masses and the disturbance 
reduction system 

Each LISA spacecraft will house two proof masses: 46 
mm gold-platinum alloy cubical masses with a gold 
coating. The challenge comes in isolating these proof 
masses from unwanted forces. The LISA measure- 
ment calls for a proof mass acceleration noise of ~ 
10~ 15 m/s 2 /\/Hz near 1 mHz. To achieve this the 
spacecraft must shield the proof masses from the solar 
wind and the entire spacecr aft is designed with gravi- 
tational balancing in mind (jArmano et al ]EqqH). The 
proof mass material is tailored to minimize its mag- 
netic interaction, and the magnetic environment of the 
spacecraft and internal compo nents will be carefully 
controlled i|Hueller et al.ll2005r ). 

Each proof mass wil l float inside its h ousing with 
no mechanical contact (jAnza et al.ll2005l ). A combi- 
nation of electrostatic sensors and optical metrology 
will continuously monitor the position and orientation 
of each mass with respect to the housing. The proof 
mass is part of a capacitive bridge and is voltage bi- 
ased via its capacitive coupling to a set of injection 
electrodes. Motion sensing will be performed by dif- 
ferentially reading the capacitance between proof mass 
and electrode pairs on opposite faces. By using 6 elec- 
trode pairs and 6 capacitive bridges, all 6 degrees of 
freedom can be read out. Capacitive actuators will 
suspend the proof masses in the non-sensitive direction 
to prevent the masses from colliding with the housing 
walls. During science operations the spacecraft will fol- 
low the proof mass in the sensitive direction. For drag- 
free control, the proof mass to spacecraft displacement 
readout sensitivity must be better than 2 nm/VSz in 
the sensitive direction. Sensitivities may be relaxed by 
a factor 10 at low frequencies along all other degrees 
of freedom as the requirements are intended only to 
reduce crosstalk due to imperfections. 

The proof masses and associated hardware will be 
flown o n the LISA precu rsor mission, LISA Pathfinder 
(LPF) (|Anzaet al.ll2005f ). which is currently scheduled 
to launch no sooner than the end of 2009. LPF is nom- 
inally identical in all its components to those which 
will be flown on LISA, and will enable testing of these 



components in a LISA-like environment. LPF will or- 
bit the LI point, located 1.5 million kilometres from 
the Earth in the direction of the Sun. 

Low noise, micro-Newton thrusters allow the space- 
craft to track proof mass motion in the sensitive direc- 
tion. The thrusters primarily push back against the 
solar irradiance which has a DC acceleration value of 
10~ 7 m/s 2 /\/Hz. The thrusters are also responsible for 
maintaining the spacecraft orientation based on feed- 
back sensors from both the proof mass and the inter- 
ferometer's wavefront sensing. Thrusters for the LISA 
Test Package on LPF are based on F ield Emission Elec- 
tric Propulsion (|Rocca et al.ll2006f) . N ASA have de- 
velop ed colloid micro-Newton thrusters (jZiemer et alJ 
2006) that will also be tested on LPF. 

3.2 LISA Interferometry 

The LISA displacement measurement is based on het- 
erodyne interferometry (Bobroff 1993). In heterodyne 
interferometry, two lasers with different frequencies are 
interfered to produce a beat note at their frequency 
difference. Displacement is detected by measuring the 
phase of this beat note, where one optical wavelength 
of path length change would produce a phase shift of 
one cycle in the beat note. The displacement readout 
is therefore self-calibrating down to the knowledge of 
the laser wavelength. A heterodyne interferometer has 
no preferred "lock point" and can track the phase over 
millions of cycles. The Doppler shifts cause the LISA 
beat note frequency to vary from 2 MHz up to nearly 
20 MHz over the course of a year. The GW signal 
appears as mHz phase modulation sidebands on this 
MHz signal. 

The change in separation of proof masses along 
each interferometer a rm is determined by combining 
three measurements l|Heinzel et all [2006); two local 
measurements of the proof masses' displacement with 
respect to their optical benches, and one interspace- 
craft measurement of the relative displacement of op- 
tical benches. The local metrology is practically iden- 
tical to the interferom etry used on LISA Pathfinder 
((Robertson et al]l2005h . The interspacecraft interfer- 
ometry is based on the same heterodyne interferometry 
but has a few additional complications. The optical 
path includes the 40 cm diameter telescopes needed 
to transmit and receive the light between spacecraft. 
The outgoin g beam has a 3 dB h alf cone divergence 
of 1.6 firad ijCirillo fc Gathll2007h which results in a 
beam diameter of 16 km at the far spacecraft. After ac- 
counting for losses in the optical chain, only ~100 pW 
of light is available for the measurement. This power 
level has a shot noise limited measurement error of 
8 pm/\/Hz. If this light were simply reflected back to 
the distant spacecraft then the detected signal would 
be completely overwhelmed by shot noise. Instead an 
optical transponder arrangement is used, where an- 
other laser is phase-locked to the low power received 
beam and then transmitted back to the originating 
spacecraft. 

The weak light returning from each arm is not 
interfered directly on a beamsplitter as in a conven- 
tional Michelson interferometer. Instead, each beam 
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is interfered with a bright local oscillator derived from 
the outgoing beam. The differential displacement of 
the two arms, the Michelson observable, is then con- 
structed by electronically recombining the phase mea- 
surements from each arm. In this way a Michelson in- 
terferometer configuration can be synthesized from the 
combination of four measurements (two at the ends of 
the interferometer arms and two of the return beams 
at the originating spacecraft). The total shot noise 
from all four measurements yields a round trip error 
of 16 pm/\/Hz and is the dominant contribution to the 
LISA measurement noise at high frequencies. 

3.3 Laser frequency noise suppres- 
sion 

Laser interferometers use the wavelength of the laser 
light as the yardstick for measuring displacement. A 
change in the laser wavelength (or equivalently the 
laser frequency) will be misinterpreted as a change in 
measured separation of the proof masses. For gravi- 
tational wave detection, we can take advantage of the 
quadrupole nature of gravitational waves and measure 
the difference between two equal length arms. In this 
scenario the effect of laser frequency noise cancels when 
the light from the arms is recombined. Alternatively, 
locking the laser to a stable length reference, such as an 
optical cavity, can stabilise the frequency. LISA uses 
a novel combination of these standard techniques. 

LISA laser frequency stabilisation will be performed 
in two stages, similar to the two-stage process used in 
ground-based gravitational wave detectors. First, the 
lasers are pre-stabilised to a reference optical cavity. In 
principle it is possible to transfer the fractional length 
stability of the cavity to the fractional frequency sta- 
bility of the laser frequency. Researchers at the God- 
dard Space Flight Center constructed an optical cavity 
from ultra-low expansion (ULE) glass, and placed it 
in a stable, LIS A- like thermal environment. Their re- 
sults demonstrate that it is possible to achieve around 
10~ 13 /VHz laser frequenc y stability across the LISA 
band (|Mueller et al.ll2005l ). 

The second stage of stabilisation locks the laser 
frequency to the 5 million km LISA arms. This arm- 
locking will improve laser frequency stability by an ad- 
ditional factor of 100 beyond the cavity pre-stabilised 
noise level. Any laser frequency locking system is lim- 
ited by the quality of the reference. In the 5 million 
km LISA arms we have custom made length refer- 
ences that are uniquely stable throughout the LISA 
band. The challenge in stabilising to the arms, a tech- 
nique referred to as arm-locking, is to build a high gain 
feedback control system in the presence of the large 
33.3 second round trip delay. Ordinarily, such a de- 
lay would necessitate reducing the bandwidth and gain 
of the feedback until a stable system is achieved. In 
LISA, this would limit the unity gain bandwidth to less 
than 30 mHz and provide only a small amount of noise 
suppression at the lower frequencies of the LISA band. 
Resear chers at the Austra lian National University first 
noted l|Sheard et al.ll2003h that the bandwidth restric- 
tion can be circumvented by using a rather uncon- 
ventional feedback controller. There have since been 



several simulated (ISvlvestrel 120041) a nd experimental 
dMaiin et al.ll2005l ; ISheard et al.ll2006l ; iThorpe fc Mueller! 
120051 ) validations of the control system stability and 
noise suppression. More recently, the arm-locking con- 
trol system was expanded to include signals from both 
arms, resultin g in substantial improvement in laser f re- 
quency noise i|Herzll2005l ; TSutton fc Sh addock 2008). 

The remaining laser frequency noise will be re- 
moved in post-processing us ing a technique called time 
delay interferome try (TDI) ijTinto fc Armstrondll999l : 
iTinto et all 120031 ). TDI forms linear combinations of 
the phase measurements that are free from laser fre- 
quency noise. TDI exploits the fact that the laser 
frequency noise enters each measurement with a well 
known transfer function that depends only on the light 
travel time of the LISA arms. TDI can be understood 
as a way to synthesize an interferometer that has equal 
arm lengths. Figure [2] shows combinations that cor- 
rect for mismatched ( a) arm length and (b) velocity 
(|Shaddock et alj [20031 ) . This is achieved by time de- 
laying the data streams using high performance inter- 
polation algorithms. These same linear combinations 
maintain the gravitational wave signal, as it is con- 
tained in the difference of the arms while the laser 
noise is common to the arms. Frequency noise cancel- 
lation was first experimentally demonstrated in 2006 
in the LISA interferometry test bed at the Jet Propul- 
sion Laboratory using a simplified version of TDI. The 
measured noise spectra presented in Figure[3]show that 
laser frequency noise is suppressed by up to 9 orders 
of magnitude, down to the intrinsic noise of the test 
bed. In 2008 the test bed was upgraded to include the 
complete implementation of TDI, including interpola- 
tion and noise from the ultra-stable oscillators used in 
the phase measurement. 




Figure 2: Interferometer configurations corre- 
sponding to (a) length correcting and (b) veloc- 
ity correcting Michelson time delay interferometry 
combinations. The LISA spacecraft are indicated 
by solid circles. 



4 Australia's role in LISA 

Australia has a strong track record in the field of inter- 
ferometric gravitational wave detection. Groups oper- 
ating at The Australian National University, the Uni- 
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Figure 3: Demonstration of laser frequency noise 
suppression by a factor of ~ 10 9 using a simplified 
version of TDI. 



versity of Western Australia, the University of Ade- 
laide and elsewhere have active research programs to 
develop technology and data analysis techniques for 
ground-based detectors. As a result of these contribu- 
tions, Australian researchers now have access to data 
from the network of ground-based gravitational wave 
detectors. Although Australia has no official involve- 
ment in the LISA project, there have been several 
important technical contributions from the ANU, and 
there are many Australians now working on the LISA 
project in both Europe and the US. It remains to be 
seen if there is sufficient scientific and political will for 
Australia to pursue a more substantial role in LISA 
and guarantee Australian scientists access to LISA data. 

As the vast majority of our contact with the rest 
of the universe is through electromagnetic radiation, 
it is difficult to predict everything that this new form 
of astronomy will deliver to us. One thing that can be 
learnt from experiences with other forms of astronomy 
is that gravitational wave astronomy may one day be- 
gin to discover entirely new and unexpected sources. 
This alone is perhaps the most compelling reason to 
pursue the detection of gravitational waves. 
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